ABSTRACT The ability of the plant-derived compound nootkatone to control nymphs of the blacklegged tick, Ixodes scapularis Say, was evaluated at lawn perimeter plots at homes in Lyme disease endemic areas of Connecticut. Three formulations of nootkatone ranging from 0.05 to 0.84% (0.06 Ð1.03 g AI/m 2 ) were applied by a hydraulic sprayer from 2008 to 2010. In 2008, the 0.84% emulsiÞable nootkatone formulation provided 100% control of I. scapularis through week 1, but declined to 49 and 0% by 2 and 3 wk posttreatment, respectively. A combination of 0.05% nootkatone and entomopathogenic fungus, Metarhizium brunneum Petch F52, resulted in 50% control for the Þrst week posttreatment and no control in subsequent weeks. The 0.84% emulsiÞable nootkatone formulation was phytotoxic, although no damage was observed with the 0.05% formulation with Metarhizium. Residual analysis of nootkatone collected on Þlter paper disks showed that Ն95% of the emulsiÞed nootkatone for both formulations was lost within 7 d after application. A lignin-encapsulated nootkatone formulation (0.56 and 0.46% in 2009 and 2010, respectively) provided 100% control of I. scapularis for 8 wk in 2009 and, in 2010, 67% control at Ϸ1 wk posttreatment with respect to the pretreatment counts, although there was no difference in tick abundance posttreatment. A 0.60% Maillard-reaction encapsulated nootkatone formulation in 2010 provided a similar level of control (62%). Nootkatone in the lignin and Maillard formulations were more persistent than the emulsiÞable formulation. Little or no phytotoxicity was observed with the encapsulated formulations. Encapsulating nootkatone reduced phytotoxicity and appeared to reduce environmental loss. While nootkatone can provide effective tick control, further work is needed to reÞne formulations to address phytotoxicity, yet provide sufÞcient material to control ticks.
The blacklegged tick, Ixodes scapularis Say, is the primary vector for Lyme disease; the most commonly reported tick-associated disease in the United States. Over 38,000 cases were reported nationwide in 2009 (CDC 2010) . The blacklegged tick also transmits pathogens of human babesiosis and human granulocytic anaplasmosis and the incidence of these diseases continues to increase (Anderson and Magnarelli 2004 , Vannier and Krause 2009 , Joseph et al. 2011 . A majority of nymphal blacklegged ticks in residential landscape are found in the adjacent woods, lawn/woodland ecotone, and lawn edge (Maupin et al. 1991 , Carroll et al. 1992 , Stafford and Magnarelli 1993 . The risk of contracting tick-associated diseases can be minimized by effective tick control, and a number of different management strategies have been evaluated (Stafford and Kitron 2002 , Ginsberg and Stafford 2005 , Schulze et al. 2007 , Piesman and Eisen 2008 . While chemical acaricides are most effective in reducing tick abundance, the use of synthetic pesticides presents a number of health and environmental issues, and studies show that Ͻ25% of residents have used or would be willing to use these chemicals as part of a tick management program (Gould et al. 2008 ). This has spurred research toward the development of environment friendly options that could be incorporated into integrated tick management approaches, which includes plant-derived compounds and biological control agents like entomopathogenic fungi (Panella et al. 1997 , Bharadwaj and Stafford 2010 , Rand et al. 2010 , Stafford and Allan 2010 .
Botanical pesticides are biodegradable and generally minimally toxic to humans, animals, Þshes and other nontarget organisms (Regnault-Roger et al. 2012) . More than 2,000 plant species reportedly possess chemicals with pesticide properties that constitutes a vast cornucopia of defense chemicals compris-ing repellents, feeding and oviposition deterrents, growth inhibitors, sterilants, and toxicants (Banerji et al. 1985 , Saxena 1989 , Ahmad and Alam 1997 . Several components of the essential oil of Alaska yellow cedar; such as nootkatone, carvacrol, vanencene-13-ol, and valencene-13-aldehyde have been previously found to be toxic to nymphal I. scapularis. Nootkatone was the most active component with an LC 50 concentration as low as 0.0029% (Panella et al. 1997 (Panella et al. , 2005 . Nootkatone is also a component of the essential oil from grapefruit (Citrus paradise Macfadyen) and other natural and synthetic sources (Moshonas and Shaw 1971, Fraatz et al. 2009 ) and commonly used in the food, cosmetic, and pharmaceutical industries as a fragrance and ßa-voring agent (Fraatz et al. 2009 ). In laboratory trials, nootkatone has also been shown to be toxic for three additional species; the brown dog tick, Rhipicephalus sanguineus Latreille, the American dog tick, Dermacentor variabilis (Say), and lone star tick, Amblyomma americanum (L.) . In Þeld trials, Dolan et al. (2009) successfully obtained shortterm (7Ð14 d) control of I. scapularis and A. americanum nymphs after a single application of several emulsiÞable nootkatone formulations. Nootkatone is volatile and readily lost in the environment ). In addition, nootkatone and the surfactants used in the emulsiÞable formulation can be phytotoxic . Encapsulating nootkatone may greatly reduce the environmental loss, maintain a signiÞcant residual concentration of active ingredient, extend activity, reduce phytotoxicity, and potentially improve control. A formulation and rate of application are needed that avoid phytotoxicity, but also provides effective tick control. In this study, we report the efÞcacy and residual activity of an emulsiÞable and two spray-dried encapsulated formulations of nootkatone against I. scapularis nymphs at residential sites in the Lyme disease endemic area of northwestern Connecticut. We also examined the potential for combining nootkatone with the entomopathogenic fungus Metarhizium brunneum (Petch) strain F52 (formerly M. anisopliae F52) (Tick-Ex EC, Novozymes Biologicals, Inc., Salem, VA) to integrate a quicker natural knockdown and a biological agent for tick control. Metarhizium can provide reasonably effective control in the Þeld Allan 2010) , but can take 2Ð3 wk for infection, development of mycosis, and control.
Materials and Methods
Treatment Sites. The Þeld trials were conducted at the lawn edge at home sites in the towns of Salisbury, Falls Village, and Cornwall in LitchÞeld Co., CT in 2008 CT in , 2009 CT in , and 2010 . Treated and untreated control plots or transects were established at the lawn perimeter of each participating residential property with treatment plots ranging from 25 to 200 m in length with a spray width of Ϸ6 m (Table 1) . The lawn edges consisted of mowed turfgrass with an ecotone edge of grass, leaf litter, variable ground cover, ornamental and shrub vegetation with deciduous trees providing variable shade canopy. Treatments were applied in June of each year by a commercial applicator as directed by the authors using a hydraulic sprayer as detailed below and illustrated in Suszkiw (2011) . Plots at control properties received no treatment.
Tick Sampling. Each plot was sampled for ticks by dragging the vegetation with a 1.0 m 2 piece of ßannel cloth attached to a dowel at roughly weekly intervals throughout the tick season (JuneÐAugust). Drags were checked for ticks approximately every 15Ð20 m. Ticks were counted, placed in labeled vials, returned to the laboratory, and held in a desiccator over water at 4ЊC. Plots were sampled preapplication and 9, 8, and 9 times postapplication in 2008, 2009, and 2010, respectively. Preparation and Analysis of Nootkatone Formulations. The emulsiÞable concentrate nootkatone formulation for application in 2008 was prepared by mixing; 4.4 liters of 89.6% synthetic nootkatone (mix of 95 and 86% nootkatone products; Frutarom Incorporated, North Bergen, NJ), 1.9 liters of 93% d-limonene, a solvent extracted from orange peels, and 1.9 liters of E-Z-Mulse, a proprietary nonionic surfactant blend to emulsify citrus terpenes and other natural oils (Florida Chemical Company, Winter Haven, FL); a ratio of 2:1:1. This produced a formulation product with 44.8% wt:wt of nootkatone. Similarly, the nootkatone for application in combination with an oil-based formu- lation of M. brunneum was prepared by mixing 0.4 liters of the nootkatone oil with 0.2 liters each of d-limonene and E-Z-Mulse at the same 2:1:1 ratio. In the laboratory, we found no inhibition of Metarhizium germination with 0.1% nootkatone. Preliminary germination tests with 0.1, 0.5, and 1.0% wt:vol of nootkatone and 4.4 ϫ 10 7 conidia of M. brunneum per milliliter on potato-dextrose agar plates showed that germination of the fungus was not affected by 0.1% nootkatone, but there was some inhibition at 0.5 and 100% inhibition at 1.0% nootkatone.
The encapsulated formulations of nootkatone for the 2009 and 2010 Þeld applications were prepared at the National Center for Agricultural Utilization Research, Agricultural Research Service, USDA, Peoria, IL, to address short residual activity and phytotoxicity. The source of nootkatone used for these formulations was 50% active ingredient (AI) in oil (nootkatone fraction) purchased from the Florida Chemical Company. A spray-dried lignin-encapsulated formulation was prepared for Þeld application in 2009, and both the lignin and a Maillard-reaction formulation of nootkatone were prepared for application in 2010. Various batches of the lignin and Maillard formulations were prepared for Þeld application as summarized below, but details on the preparation of the lignin formulation have been covered elsewhere . The ingredients for the lignin-encapsulated formulation included sodium lignin solution (PC-1307, Westvaco, Charleston Heights, SC) containing 27% wt:wt lignin, nootkatone oil, E-Z-Mulse surfactant, and calcium chloride dihydrate (Sigma-Aldrich, St. Louis, MO). The Þnal product was a dry powder expected to contain 21.3% nootkatone. In the laboratory, toxicity to I. scapularis nymphs of lignin-encapsulated nootkatone (LC 50 ϭ 20 ng/cm 2 ) was not signiÞcantly different from toxicity of the emulsiÞable formulation (LC 50 ϭ 35 ng/cm 2 ) . The Maillard-reaction method for encapsulation produced a powdered product after spray drying as mentioned previously for the lignin formulation. Ingredients included potassium caseinate (American Casein Company, Burlington, NJ), dextrin (Sigma), potassium hydroxide (J.T. Baker, Phillipsburg, NJ) and nootkatone oil. Caseinate and dextrin were premixed with water in bulk at concentrations of 10% wt:wt and 33% wt:wt, respectively. For each batch mix, 302 g dextrin and 500 g caseinate solutions were combined, the solution pH was adjusted to 7.5 with 1 M KOH solution, and heated in a water bath at 80ЊC for 1 hr. Nootkatone oil (150 g) was added to the mixture and sonicated at 60% amplitude using an ultrasonic processor (model GEX 750, Thomas ScientiÞc, Swedesboro, NJ) for 90 s while mixing with a magnetic stir bar. The Maillard formulation was expected to contain 25% nootkatone.
Nootkatone concentrations in formulations were determined by solvent extraction and gas chromatography . Both lignin and Maillard samples were subjected to the same procedure for nootkatone extraction. The Þnal lignin product contained 17.9 and 20.7% nootkatone wt:wt, for 2009 and 2010, respectively, and showed some loss of the volatile nootkatone during the drying process. Similarly, the spray-dried Maillard formulation was found to contain 22.5% nootkatone wt:wt. These values represent a loss of between 4 and 17% of the processed nootkatone. Our application rate calculations were based on the expected wt:wt nootkatone in the encapsulated formulations.
Acaricide Applications. In 2008, a total of 12 home sites were sprayed with the emulsiÞable nootkatone; six home sites ( ) and M. brunneum strain F52 oil-based formulation at a rate of 2.8 ϫ 10 9 conidia/m 2 (Table 1) . These rates for nootkatone are Ϸ200ϫ and 10ϫ the LC 90 of 0.549 g/cm 2 for nootkatone for I. scapularis ) for the two rates used, respectively. The spray mixtures were prepared by mixing 0.8 or 8.3 liters of the emulsiÞable nootkatone concentrate to the spray tank to produce 345 and 303 liters of a 0.05 and 0.84% spray, respectively ( Table 1) . The Þeld applications were made with a single tank hydraulic sprayer set at 1896 kPa (275 psi) that delivered an average of Ϸ12 liters/100 m 2 . The 0.05% nootkatone with 2.5 liters of Metarhizium was applied, the tank and hose ßushed, and then reÞlled with water for the remaining nootkatone applications. Ticks collected from untreated and fungus-treated sites were held in 2 ml vials (Þve ticks per vial) with screened lids and placed in separate desiccators over water at 25.0 Ϯ 1.0ЊC and Ͼ90.0% RH for the assessment of mycosis. Percent mortality because of mycosis was based on the total number of ticks that died from the fungus 30 d after Þeld collection. A bioassay with yellow mealworms, Tenebrio molitor (L.), also was performed to check the presence and persistence of the fungus at the treated and untreated sites (Bharadwaj and Stafford 2010) . Brießy, a leaf litter subsample (Ϸ5 g) was placed in a 30 ml plastic cup, two mealworm larvae (10 Ð15 mm in length) were added to each cup, and held in humidity chambers at Ͼ90% RH and 25.0 Ϯ 1ЊC. The mealworms were observed weekly for mortality and fungal infection. Percent mortality because of mycosis was calculated 30 d postcollection for each sample.
In 2009, sufÞcient lignin-encapsulated nootkatone was produced to treat at three home sites (x ϭ 216 Ϯ 28.8 m 2 /site) ( Table 1) . A dual tank (378 liters each) hydraulic sprayer at 1,034 kPa (150 psi) was used for the applications. Slurry was prepared by mixing 4,970 g of the lignin-encapsulated nootkatone powder with water, which was then added to the spray tank.
In 2010, trials with lignin-encapsulated nootkatone were repeated at Þve residential sites (326.4 Ϯ 43.0 m 2 /site) ( Table 1 ). The Maillard-encapsulated nootkatone formulation was tested at four sites (357.0 Ϯ 116.1 m formulation can be phytotoxic ; R.W.B., unpublished data), we conducted phytotoxicity screening tests with the encapsulated nootkatone formulations on six and eight 1 ϫ 1 m 2 lawn plots in 2009 and 2010, respectively, predominated by turf grasses (monocots) with some dicots. Laboratory studies found encapsulating nootkatone reduced phytotoxicity and no damage was observed at the Þeld application rates with the encapsulated formulations in our screening tests. The Þnal spray for lignin-and Maillard-encapsulated formulations for 2010 were prepared by premixing 5,870 and 6,100 g of the nootkatone powders in water and adding the slurry to 265 and 227 liters of water, respectively. The hydraulic sprayer was set at 1,896 kPa. The plots in 2010 were the same as previously except that the width of the area treated with the Maillard formulation was reduced from 6 to 4 m because of limited product.
Analysis of Nootkatone Field Residues. To determine the delivery rate of nootkatone and the environmental loss postapplication, Þlter paper and leaf litter samples were collected and stored in laboratory freezers until they were analyzed by gas chromatography techniques. Before treatment, four Þlter paper assemblies (Whatman No. 2 Þlter paper, 11 cm diameter, caged individually in chicken wire) were placed in three locations along both the lawn and woodland edge (n ϭ 8 Þlter paper assemblies per location; n ϭ 24/site) (Fig. 1) . The assemblies were placed on the surface of the grass or woodland ßoor with no or occasional vegetative cover. The Þrst set (n ϭ 6/site for each nootkatone formulation) was collected immediately after each application. In 2008, samples were collected at 0, 3, 7, and 10 or 18 d postapplication. In 2009, samples were collected at 0, 2, 9, and 14 d postapplication. In 2010, samples were collected at 0, 2, 5, and 7 or 0, 3, 5, and 7 d postapplication for the lignin and Maillard formulations, respectively. In addition, samples of the spray (Ϸ200 ml) were taken from the hose during application to assess the actual delivery rate of the nootkatone.
Each whole piece of Þlter paper was extracted for at least 24 h with 10 Ð20 ml of high purity acetonitrile (JT Baker #9255-03) in a 40 ml glass vial. This extract was further diluted in acetonitrile depending on the expected concentration and analyzed for nootkatone by gas chromatography (GC). Based on apparent 2009 tick control results, samples of leaf litter and surface soil were collected 70 d posttreatment to determine if any nootkatone remained in the environment. In 2010, multiple samples of combined leaf litter and surface soil (i.e., ca. area 15 ϫ 15 cm, Ϸ2 cm deep, 15Ð20 g) were collected in 2010. The samples containing both soil and foliage in a single plastic bag and stored in a freezer until analysis.
The contents of the bag were homogenized in a Robot Coupe food processor, and a 10 g portion was weighed into a 50 ml plastic centrifuge tube. Samples were extracted using a modiÞed Quechers extraction where 5 ml of water was added along with 15 ml of acetonitrile (Anastassiades et al. 2003) . Extracts were vortex mixed, allowed to sit overnight, and then 6 g of magnesium sulfate and 15 g of sodium acetate were added and the tube was shaken again then centrifuged. The concentration and residue analyses were done by GC using an Agilent 6,890 equipped with a 5,975 mass selective detector (MSD) operated in scan mode, a J&W ScientiÞc DB-5MSϩDG (Part # 122-5532G) capillary column, and a programmable temperature vaporization (PTV) inlet. A 5 l injection was made into the PTV using solvent vent injection at 70ЊC with a vent ßow of 100 ml/min, and vent pressure at 0 kPa until 2.10 min. The inlet was ramped at 230ЊC/ min to 300ЊC and the split ßow was set to 50 ml per min at 5.0 min. The GC oven initial temperature was set at 60ЊC for 4 min, then ramped at 40ЊC/min to 100ЊC, 10ЊC/min to 240ЊC, and Þnally 30ЊC/min to 330ЊC with an 8 min hold (total run time is 30 min). The carrier gas is helium at 1.3 ml/min, the transfer line is set to 280ЊC, the MSD source is 230ЊC, and the MSD quad is 150ЊC. Quantitation was based on the area response for the primary ion of nootkatone (147) at 16 min using a four-point curve calibrated at 0.5, 1.0, 2.5, and 5.0 ppm. A subsample of soil was analyzed for moisture content such that results were reported as microgram of nootkatone per dry weight of sample. The percent nootkatone lost from the Þlter papers or vegetation/ soil samples over time was calculated from the ratio of nootkatone remaining on the Þlter paper with the papers collected immediately after the application. Two sites in the lignin trials in 2010 were ultimately dropped from the efÞcacy analysis because of the detection of other insecticide residues in the leaf litter or soil samples. However, all Þlter paper samples were included in the residual analyses. . Differences between sample weeks in both the pretreatment and posttreatment periods and between treatments and untreated sites were compared using the t-test or MannÐWhitney Rank Sum test and the KruskalÐWallis one-way analysis of variance (ANOVA) on ranks on the number per 100 m 2 using SigmaPlot 11 (Systat Software, Inc., San Jose, CA). Percent reduction was calculated using the average number of ticks collected per 100 m 2 using the following modiÞcation of AbbottÕs formula to accommodate pretreatment and control counts (Henderson and Tilton 1955) : % reduction ϭ 100 (one Ð X c Y t /X t Y c ), where X c and X t are the pretreatment averages in the control and experimental properties, respectively, and Y c and Y t are the posttreatment averages in the control and experimental properties, respectively.
Results

2008
Trials. The treatments, and mean (SEM) number of I. scapularis nymphs collected from untreated and treatment sites pre-and posttreatment for all 3 yr of this study are presented in Table 2 . In 2008, the number of host-seeking nymphs did not differ between untreated and treated sites before the acaricide application for both 0.84% nootkatone (MannÐWhit-ney rank sum test: T ϭ 49.0; n ϭ 6, 11; P ϭ 0.624) and 0.05% nootkatone with Metarhizium (T ϭ 43.5; n ϭ 6, 11; P ϭ 0.260). Application of a 0.84% nootkatone emulsiÞable formulation resulted in 100% control of host-seeking nymphs at the lawn woodland perimeter after 3 d, 49% by 16 d, and 0% by 29 d (Table 2 ). There was a signiÞcant difference in tick numbers between sampling periods for the emulsiÞable nootkatone and the combination of nootkatone and M. brunneum (Table 3), but not for the untreated sites. At 3 d posttreatment, there were signiÞcantly fewer nymphs collected from the 0.84% nootkatone treated sites than the untreated sites (T ϭ 30.0; n ϭ 6, 11; P ϭ 0.010). Although there was a 50% reduction at 3 d posttreatment with the 0.05% nootkatone with respect to the pretreatment counts, postapplication tick abundance was not signiÞcantly different from the untreated sites. There were sufÞcient spores of M. brunneum in the environment after application of the Metarhizium to produce substantial mycosis (41.2Ð93.8%) in yellow mealworms exposed to the leaf litter collected from the treated sites (Table 4) . No mealworms from the untreated sites developed mycosis with M. brunneum. Because I. scapularis is more sensitive to the fungus than T. molitor, the detection of fungal mycosis in mealworms should indicate sufÞcient inoculum to be pathogenic to I. scapularis . However, none of the nymphs collected from the nootkatone (n ϭ 38), nootkatone/Metarhizium a Weeks with signiÞcantly fewer ticks in the treated plots are marked with an asterisk (for 2008, T ϭ 30.000; n ϭ 6,11; P ϭ 0.01 and for 2009, T ϭ 9.000; n ϭ 3,10; P ϭ 0.046). For tick counts see Table 3 .
b Fungus Metarhizium brunneum strain F52. (n ϭ 53) treated sites or the untreated (n ϭ 146) residential sites developed mycosis. The nootkatone emulsiÞable formulation was phytotoxic. Severe phytotoxicity was observed for vegetation treated with 0.84% nootkatone formulation. However, plants recovered within 3 wk. By contrast, no phytotoxicity was noted with the 0.05% nootkatone and Metarhizium combination.
2009 Trials. There was no signiÞcant difference in abundance of nymphs between the untreated and lignin-encapsulated nootkatone treated sites before application (t ϭ 1.839; df ϭ 10; P ϭ 0.096). By contrast, there was a signiÞcant difference (T ϭ 204.000; n ϭ 12, 40; P ϭ 0.004) between the nymphs collected from untreated and lignin-encapsulated nootkatone treated sites postapplication. We obtained 100% control at 8 d through 27 d postapplication (Table 2) , although the difference in tick numbers between the untreated and treated plots were only signiÞcant at 8 d posttreatment in individual comparisons (T ϭ 9.000; n ϭ 3,10; P ϭ 0.046). However, no host-seeking I. scapularis nymphs were collected for the remainder of the season through 17 August and no signiÞcant difference in the number of nymphs per 100 m 2 was observed between sample periods for either the untreated or treated sites (Table 3) . With the lignin formulation, a faint brown residue was visible immediately after application on the treated vegetation, but phytotoxicity was limited to some very slight chlorosis where the spray material concentrated at some leaf tips.
2010 Trials. The number of nymphs did not differ between untreated and treated sites before application for both the lignin-encapsulated (T ϭ 33.500; n ϭ 5, 8; P ϭ 0.833) and Maillard-encapsulated nootkatone treatments (t ϭ Ϫ1.206; df ϭ 10; P ϭ 0.256). The difference in tick abundance between the untreated and lignin formulation treated sites posttreatment was not signiÞcant (T ϭ 273.500; n ϭ 12, 34; P ϭ 0.829). While the lignin formulation provided 67 and then 34% control through the Þrst and second week posttreatment based on pretreatment counts (Table 2) , these reductions were not signiÞcant; probably due, in part to natural decline in nymphal tick populations in July each year. For the Maillard formulation, control declined from 62% for the Þrst week, 30% for second week, and 11% for the third week postapplication (Table 2) . Again, however, there was no signiÞcant posttreatment difference in tick abundance between the untreated and Maillard formulation of nootkatone (T ϭ 445.000; n ϭ 16, 34; P ϭ 0.424), indicating that the calculated reductions were not signiÞcant. This was unexpected given the control observed with the lignin formulation in 2009. Tick abundance was low across all sites relative to other years, possibly due, in part, because of below normal precipitation for June and July in northwest Connecticut. There was no signiÞ-cant difference in tick numbers between sampling periods for the treated or the untreated sites and a peak period of summer tick activity was not observed (Table 3) . No phytotoxicity was noted with either formulation.
Residue Analysis of Nootkatone. Analysis of the two spray suspensions in 2008 found 0.84 and 0.046% nootkatone as opposed to the expected 1.3 and 0.1%, which gave an estimated delivery rate of 1.03 and 0.06 g/m 2 of nootkatone (Table 1) , respectively, instead of the expected 1.6 and 0.13 g/m 2 nootkatone. This loss could be due, in part to volatility of nootkatone in emulsiÞed formulation . In 2009, analysis of the spray suspension showed that the suspension contained 0.56% nootkatone, giving a delivery rate of 0.53 g/m 2 instead of expected rate of application of 1.40 g/m 2 . This was because of settlement of some of the material at the bottom of tank. There were heavy rains in June 2009 with 20 d of precipitation with 7.53 inches, which may have facilitated the movement of the nootkatone into the leaf litter column. By contrast, analysis of the spray samples showed that the estimated delivery rate in 2010 was close to the expected rate of application.
Nootkatone is volatile and was rapidly lost from the Þlter paper samples within only a few days, although residues were more persistent in the leaf litter column (Table 5 ; Fig. 2 ). The amount of nootkatone recovered postapplication dropped signiÞcantly between sampling dates for the lignin and Maillard formulations (see Table 5 for statistics). In 2008, with the emulsiÞable formulation, the amount of nootkatone on the Þlter paper disks declined by 88.4 and 87.0% by 3 d postapplication for the 0.84 and 0.05% nootkatone rates, respectively (Fig. 1A) . (Table 5 ; Fig. 1B ).
Discussion
Nootkatone and nootkatone in combination with M. brunneum provided short-term control of I. scapularis nymphs, generally providing a reduction of tick activity for 1Ð2 wk or more, depending upon the formulation. The emulsiÞable nootkatone at 0.84% (1.03 g/m 2 ) provided 100% control of ticks for the Þrst few days after application, but control declined to only 5% after 4 wk. Dolan et al. (2009) ). With 1% nootkatone, they observed 40.9% control of I. scapularis, but with 5% nootkatone they obtained higher levels (50 Ð71.9%) of control of I. scapularis at 28 d postapplication. However, a nootkatone emulsiÞable formulation at Ն0.84% nootkatone can be highly phytotoxic. Both the nootkatone and the surfactant E-Z-Mulse in the emulsiÞable and lignin formulation are phytotoxic causing chlorosis, necrosis, and signiÞcant weight loss in sampled treated plant tissue . In contrast to the rate of 1.6 g/m 2 of nootkatone, the lignin-encapsulated material at a rate of 0.125 g/m 2 did not cause noticeable phytotoxicity (R.W.B., unpublished data).
We found that nootkatone within the emulsiÞable formulation was rapidly lost in the environment and only 3.4% was left on our Þlter paper samples by 1 wk postapplication. Nootkatone is highly volatile. Behle et al. (2011) , observed in laboratory tests that the emulsiÞable formulation of nootkatone had a half-life of only 1.32 d and that the amount remaining after 7 d was near zero, indicating that most of nootkatone had volatilized within 1 wk. Natural sunlight and ultraviolet (UV) can also cause 80% loss of nootkatone from the EC within 4 h of exposure (R.W.B., unpublished data). Behle also noted that the rate of loss is reduced at a higher rate application or in the presence of shade. Heavy rains in 2008 within 3 d of application may have also contributed to nootkatone loss.
In our studies, encapsulating the nootkatone with lignin appeared to enhance efÞcacy and residual activity against I. scapularis nymphs and reduced phytotoxicity. Formulating nootkatone reduces its volatility and provides some protection against UV light. For example, with a 1 h exposure to simulated sunlight (Xenon), lignin-encapsulation retained 92% of the nootkatone versus only 26% with the emulsiÞable formulation . The lignin-encapsulated material in 2009 provided 100% control through 56 d postapplication. We believe the high level of control may be, in part, a result of heavy thundershowers occurring within 2 d after the spray applications with the rain moving the encapsulated nootkatone into the leaf litter column where loss by volatilization, UV, or other factors may be further reduced. While little of the nootkatone was left on the Þlter papers within days, nootkatone was recovered from the leaf litter up to 70 d after application.
However, encapsulation and some environmental persistence in the leaf litter column did not fully compensate for the lower rate of nootkatone in the ligninand Maillard-encapsulated formulations applied in 2010 with respect to tick control. There was no signiÞcant difference in tick numbers between the treated and untreated sites postapplication. We continued using a relatively lower application rate in 2010 based on the control results of 2009 and concerns about phytotoxicity at residential properties. In contrast to the backpack sprayer applications at a maximum pressure of 552 kPa (80 psi) by Dolan et al. (2009) , their truck mounted high-pressure (4,137 kPa or 600 psi) application provided 96 Ð100% control of both I. scapularis and A. americanum through 42 d posttreatment with the treatment of the entire litter column. The use of a high volume, high pressure application that exposed ticks throughout the leaf litter column to the nootkatone (Dolan et al. 2009 ) or, in our study, sufÞcient persistence of the nootkatone by encapsulation within the leaf litter column controlled the blacklegged tick. Nootkatone is highly acaricidal to unfed nymphs of I. scapularis, the American dog tick, D. variabilis, R. sanguineus, and A. americanum at rates Ϸ200 Ð100 times less than that used for Þeld applications to compensate for environmental loss and increased accessibility to the material by host-seeking ticks (Dolan et al. 2009 . Consequently, complete coverage and direct contact to the spray by the ticks or persistence of nootkatone within the leaf litter column and the subsequent exposure of nymphal I. scapularis to the chemical within this microhabitat appear to be important factors in providing effective tick control with volatile botanical compounds like nootkatone. NootkatoneÕs repellent properties may also be responsible for the short-term suppression of tick activity with lower pressure applications of emulsiÞable formulations of nootkatone (Dietrich et al. 2006 , Dolan et al. 2009 ).
Phytochemicals with repellent and toxic properties against ticks hold promise as an acceptable alternative to synthetic pesticides. Low mammalian toxicity and short environmental persistence are desirable characteristics for a biopesticide, such as nootkatone, that would enhance acceptance by the public. Our Þeld trials and those by Dolan et al. (2009) suggest that nootkatone can provide good short and long-term control of I. scapularis depending upon formulation and application, but there are several factors that currently impede the use of nootkatone as a natural tick control agent. Environmental loss is relatively rapid, Þeld use of nootkatone is currently not cost effective, and nootkatone and some current formulation components can cause phytotoxicity to plants at rates found to be most efÞcacious for tick control. The average cost of the nootkatone during this study was $ 3,481/Kg. Based on volatility studies, phytotoxicity tests, and toxicity assays (Behle et al. 2011, R.W.B., unpublished data) , as well as these Þeld studies, encapsulation prevented the absorption of the nootkatone oil by plant leaves, thus reducing phytotoxicity and still provided acaricidal activity. However, further work is needed to extend environmental activity, reÞne Þeld application rates, address phytotoxicity issues, and develop economical sources for nootkatone to become a viable option in the integrated management of ticks.
